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Engineering is coming to rely mere and more heavily 
upon the computer for computations, analyses, and graphic displays 
which aid the design process. A general purpose simulation syi^tem, 
the Time-shared Automatic Control Laboratory (TACL) , and a set of 
computer-aided design programs. Control Oriented Interactive Graphic 
Analysis and Design (COINGBAD) , are being used to introduce 
undergraduate engineering students to the power and utility of 
computer-aided tools for automatic control* TACL and COINGRAD 
simulate time responses for physical systems, provide standard 
analysis and design calculators, and introduce students to 
optimization in design. They are simple and user-oriented, have 
interactive and graphic display capabilities, and employ a natural 
mathematical language. Since these programs perform the basic 
calculations required for classical control system analysis, they 
free the student from the repeated enumeration of system behavior and 
allow him to concentrate upon the underlying principles involved. 
(PB) 
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Introduction 

During the past two decades engineering has cone to rely heavily on the 
coaiputer for all maniler of tasks ranging from scientific computation to o\i line 
procesM control and data management. Emerging from this is a changing view of 
engineering design. More and more the engineer is coming to rely on the computer 
to provide computations and analyses which aid in the design process. We are 
entering an era of computer aided design. One of the major keys to the continued 
growth of CAD will be the rapid graphic interaction between the engineer and 
the computer, The idea that an engineer can enter a set of data for the system 
he la studying and immediately see the results of the computation displayed, 
Jiot in awkward tabular arrays, but in easy to understand graphical form will 
be of utmost Importance, 

With the importfiiit role that computer tools will play in the future of 
engineering, it is extremely important that wiiversities make their students 
aware of the potential of these tools and prepare them for their use. The ob- 
jective of the systems dtr-velopod is to make this possible for the level of 
material covered In undergraduate courses in automatic control. They provide 
first of al]^ simulation of time responses for a wide variety of physical systems. 
Secondly, they provide the standard analysis and design computations used in 
clasuloal control theory; frequonoy response and root locus* Thirdly, a 
limited capability for system optimization is incorporated to provide the student 
an- Introduction to the use of optimization in design. 

What requirements should be imposed on the program developed? What should 
their operating environment be? How should they appear to the user? The onawer 
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questions are even more important to the student's view of computer 
aided design than the range of topics covered. 
N 

First and foremost, . whatever else is done, the programs must be friendly 
to_the_user! That is the input/output and interaction between the nsTT^dth^ 
computer must be as simple and self-explanatory as possible. Whenever possible 
data should be in forms as close to the natural expressions used as posKiblo 
Failure to observe this can result in even very useful programs lying around' 
virtually unustd. This consideration is particularly important in an oduo- 
tional environment where a student's objective. is not to learn how to code 
data for CAD programs, but to be able to utilize them almost immediately to 
enhance his understanding of the material at hand. The typical student has 
enough to do trying to learn basic control principlea without having to learn 
complicated data coding schemes. Secondly, to achieve maximum effective>nc>fla. 
the programs should have a graphic capability and operate in an interactive • 
mode with the ujer. 

There have been a number of computer-aided design programs developed for 
control systems. However, none of them fully meet those r.'quiremerits The 

ITJ^ flf^'^^t^ ^ general purpose simulation system, 

TACL (Time-shared Automatic Control Laboratory), was developed on a hybrid 

^r^r* Secondly, a set of digital computer aided design programs 
COINGRAD (Control Oriented Interactive Graphic Analyaitj and Dooign), woro ' 
developed for use with computer graphics terminals. Thcr.o arc intended both to 
provide useful CAD function and be user oriented. 

TAOL Configuration 

The TACL simulatiofi system is comprised of a general configuration control 
system programmed on the analog portion of AD/i+ analog hybrid computer and a 
digital executive program, programmed on a PDP/9 digital (.•omputer operating 
concurrently. A variety of specific systems is obtained by iselecai ve]y ooUlng 
to zero or identity unneeded portions of the system. The system nsur, the high 
speed analog capabilities of the hybrid computer to solve the dynamic equations 
being studied and the logical capabilities of the digital computer to oonfifluro 
the analog ^f or the particular system. 

Communication of student users with the system is through the terminal • 
units vhich are interfaced to the computers. A31 Information flowing from the 
terminal units to the hybrid system flows first through the Ali/k and then throuKh 
sense lines and A/D conversion channels to the PDP/9. ' The morrt iir.portanl hardware 
features of this configuration to TACL (other than the terminals and eOi^i^uturH 
themselves) are the half million word disk of the PDP/9 which stores the'arraya 
of problem data, the 32 analog digital conversion channels and the 120 <ll«ital 
coefficient units, which effectively act as 120 high speed digital to anuW 
converters. It is the use of these latter units as switches as well as coefficients 
which allows problems to be rapidly reconfigured to satisfy the needs 01* individual 
terminal users, .i-iviuuai 

Each problem studied within the TACL system must be capable of being generated 
vithln the context of the general system. Student users of TACL, however, need 
not oe concerned with. how the' selection of a specific problem la made The Kenera] 
configuration is completely trannparent to the uHor. The system will respond as ' 
If it consisted only of iho upeeiflc problem which ho it) atudylng. Probh^mn are 
determined by arrays of coen iclent valuetJ, awltfh poyiLionn and poLiiti-ri. t.o puru* 



BKitera to be controlled fronj the terminals. The terminal system operatoe on a set 
of predefined problems, who^e data arrays have been stored on the system disk, 
Essentially, operation of t\{e system proceeds as follows: 

1. Read the terminal ioglo word and decode the problem number and 
function request, 

2, Head the terminal parameter values, 

3» If necessary read the problem description from the disk (requires 
only an average of 50 ms), 

Sot all 120 coefficients, thus configuring the problem as desired 
(Due to the high speed Digital Coefficient Units of the AdA this 
only takes a few milliseconds), - 
5f Kun the desired solution, 

6, Release the. requesting terminal, 

7. Interrogate the next terminal. 

In addition the system has been given an alphanumeric text capability. 
With each set of problem jftata are several pages of text explalnlj:)g the problem 
briefly and identifying the problem parameters and how they are to be entered. 
To provide a permanent record of results obtained, a hard copy unit is available 
whleh rah \w used by any of t.he termlnalu. 

Finally, to aid the instructor in problem preparation a problem generation 
progr'am has been written, which operates Interactively with the instructor 
through a teletype terminal. The instructor is able to enter problem descriptions 
in the mathematical terms he would normally use, e,g,, coefficients of transfer 
ructions, values for slope, s&turation level, or deadzone in nonlinear devices. 
The problem generator will assist In determining scale factors and take care of 
all the necessary booW work on coordinating scale factors, It will also 
correlate problem oriented Information with the specific device addresses In 
the coDiputer, relieving the instructor of some of the major burdens of problem 
preparation, 

Oeneral COKGRAD Features 

COIWOli/J) Is a set of three computer programs developed for the analysis 
and design of control systems. They will efficiently perform root locus, 
frequency response, time response 'pd certain optimization computations for 
linear systems. In addition, certain nonlinear itles may be included in the 
time response calculations. Though intended primarily for use in an inter- 
active environment on a graphics terminal such as a Computek, they may be used 
on a standard teletype terminal or in batch mode. 

The programs are all Interactive in natm e ^and basically operate by executing 
a sequence of commands issued to them by the user/ The commands are all kept 
simpl? in nature such as RUN (a solution) Oi" PIOT (the result) to make them easy 
for ti|e user to remember (or look up in a short list). Once the user has 
Indicated the basic function he wishes to perform, the program will interact 
Vith him and ask for whatever additional data may be needed, e.g, what is to be 
t>lotted, For example, to obtain a root locus plot, only three basic commands are 
neededt ' . . ^ ■ ;■ ... 
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The program will ask for any remaining data that is needed. 



An important feature of COINGRAD is that the manner in which the syiJtem is 
described is simple and kept as close to the natural mathematical lanyuaae qs 
possible, The programs assume a block-oriented system structure. The user will 
specify the characteristics of individual blocks of his system and an inter- 
connection scheme between these, from which the program will perform the desired 
calculations. Each linear block is described by a transfer faction of the? form 
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Where P^jCs) and Qjj(s) are polynomials in the Laplace operator s. That is, the 

blocks are expressed as the ratio of sums of products of polynomials. Each 
polynomial must be presented in order of decreasing powers of s, To enter a 
transfer faction one merely types it in the form one would normally write It, 
except that as raised superGcrlpts are not allowed in the input character set, 
powers of s are indicated by integers following the operator s. Coefficients of 
s may be integers, real numbers, or single character variables to be manipulated 
later. The function is entered in free format, i.e., blanks are ignored. For 

example, to enter Ql(s) and G2(s) - ■ ■■■ . one 

^ ' (s^+6.2^,fi+2^,) (Q%100a+7!i) 

would merely typo ^.^^j ^ (k)(s+A)/(:HjO 

G2(s) = (G+3)/(o2+6,i^^s+2i;)(s2+100s+7i*)* 

Thu programs accept lines of this form commatida to enter the Indieatod trunflfur. 

functions Into system description arrayr:, Aa tho lino l;j prout^uicd the alruotun^ 
of the transfer function is id<.'ntified and i;tor<jfl, r-or-iT Ir-h/nlu art; i t\Uuu:<\ Into 
the appropriate arrays, an^ variable refe.'rcncu.i am iuil up. If a trantife-r function 
is'too long to be entered on a single liny, it may be continued on Jiuccee(ilng 
lines by ending unfinished lines with a colon (;) and continuing succeeding 
lines after the first column. 

Following the definition of the linear blocks, on would normally specify the 
block interconnection. For the time response program there is a simple command 
^ (ROUTE) to do this, The user "will be asked to enter a sequence triples (I,J,K) 
indicating signal flow from Block I to block J with gain K. For frequency response 
a single loop structure is assumed with transfer functions g(s) and P(d) assumed 
to be in series in the forward loop. One merely specifies whether tho sy.';tem is 
to be open loop or closed loop. The root locus program simply works with a single 
transfer function, 

The use of variable names allows a part of the syslem to bo modified without 
havliifr to reeriter thf entJn? tranafer f unction, To net (or change) the ytirlauip 
VftJueri, one a^fiiu merely l<ijiu<;n a nimpjc t'0(r\manil, 

P -Both the time rosponju? and frequctK'y rcapoh^te pro/j;rafu:) allow pararndivr 
jOptlralzalion. When the optimization cotainand is K^vcn, Iha p/ogrum will unk the 
;Mcr-f^^ a desired transicr function, Th9 coefficients given variable nurncir 



<lurlijfj; Uii' ayuUiin rlonfTlpilon vill autonlatlcally bo efinumod to be the parameters 
wlt.h rrnpi'f-t to whii:h the optimisation l/i to be porformcd, and the user will be 
aflkrtl for Inil lal valuf'tJ for thcoo. Fori time reoponoc; the function to ho minimized 
Ifl baaed on the integral square error bolween the desired and actual reoponaea. 
For frequency response, it is based on a! oummation of the errors in the phase 
and logarithm plots of actual and desired transfer function at the frequency points 
for which the response is calculated. Tl^e optimization program used is the PRAXIS 
routine doveloped^by Brent [1], This is conjugate direction procedure without 
derivatives based on Powell's method (2],| 

In addition^ the COINGRAD programs hftve^ the following features j 

(1) The programs determine upon bein^ entered whether the initiating device 
Is a graphic terminal, teletype or batch stream and set the input output formats 
accordingly. | 

(2) Useful reference lines such as coihstant damping ratio lines or the. unit 
circle for root locus, or constant M contodrs for frequency response may be over- 
laid on the graphs produced, \ 

(3) Vfhcn appropriate, useful subsidiary information such as rise time, steady 
state error, gain margin and phase margin are calculated. 

(1+) The plot boundaries may be altered to '^low-up" interesting portions of 
the^lots. [ 

(5) Plots g^^nerated may be saved in ^^^S ^(Michigan Terminal System) files and 
redisplayed later without rerunning the progi^am, 

(6) CALCOMF plots may be simply produced^ (essentially just by asking for them), 

(7) For graphic devices having a cursor ^hich can be read^ page position is 
checked before each output and writing off the\ bottom pf the screen is inhibited. 
The user can erase the screen and continue whe|i he is yeady. 

(8) In interactive terminal mode (graphic \terminal or teletype) both program 
and attention interrupts are trapped and control is returned to the command 
structure, not to the computer operating system'^ Thus allowing the user to take 
some corrective action and make another try. \ ^ 



(9) Both'^tabular and graphic ^ta may be obtained. \ 

As an Illustration, the following tranofer inunction was entered into the 

Q^gj ^ ^ . 00l6s^-f .0325+1) ( . 38^+8^1) 

s(.OOl6s^+.03?s+l)(^^3s^+s-lj+10(.23s+l)(s+l) 

root locu'3 program. The rcsuJ.ting locus is shown Un Figure 1, together with a 
reference line corresponding to a damping ratio of' .5, 

Conclusions 

The programs described here provide a means of ^ introducing the power and utility 
of cotrtputer aided analysis and design ftools for automatic control to undergraduate 
students. They perform the basic mundane calculation's required for classical conr 
trol system analysis^ making it possibll for student'^il to concentrate on the prin- 
ciples involved, not repeated caiculatl<^ of system behavior. Too often students 
without computer aids become more embroijbd in eliminating arithmetic errors than 
in understanding the subject, With comput\j aids it^^ possible to study more 
^^eaiistic and meaningful problems, 
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Most Important in this iraplementation or the baaic control ealculalionu are the 
graphical interaction which takes place betv^een the user and computer, and the 
simplicity of use. The student can enter his problem description simply and ace the 
pertinent calculations displayjfd almost immediately in easy to interpret graphical 
form. Errors can be immediately corrected and a number of trials investigated 
rapidly, making it possible to deal with problems efficiently. The user oriented 
data formats have proven to be very easy to learn, and students have been able to 
begin using COINGRAD and TACL with minimal instruction* This ease of use Is 
important, for without it much of the advantage of computer aids for instruction 
would be lost by time needed to learn how to uie them. 
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